ABSTRACT (Limit 250 words) 24
Diversity at the Major Histocompatibility Complex (MHC) is critical to health and fitness, 25 such that MHC genotype may predict an individual's quality or compatibility as a competitor, 26 ally, or mate. Moreover, because MHC products can influence the components of bodily 27 secretions, an individual's body odor may signal its MHC and influence partner identification or 28 mate choice. To investigate MHC-based signaling and recipient sensitivity, we test for odor-29 gene covariance and behavioral discrimination of MHC diversity and pairwise dissimilarity, 30 under the good genes and good fit paradigms, in a strepsirrhine primate, the ring-tailed lemur 31 (Lemur catta). First, we coupled genotyping with gas chromatography-mass spectrometry to 32 investigate if diversity of the MHC-DRB gene is signaled by the chemical diversity of lemur 33 genital scent gland secretions. We also assessed if the chemical similarity between individuals 34 correlated with their MHC similarity. Next, we assessed if lemurs discriminated this chemically 35 encoded, genetic information in opposite-sex conspecifics. We found that both sexes signaled 36 overall MHC diversity and pairwise MHC similarity via genital secretions, but in a sex-and 37 season-dependent manner. Additionally, both sexes discriminated absolute and relative MHC-38 DRB diversity in the genital odors of opposite-sex conspecifics, supporting previous findings that 39 lemur genital odors function as advertisement of genetic quality. In this species, genital odors 40 provide honest information about an individual's absolute and relative MHC quality. 41
Complementing evidence in humans and Old World monkeys, our results suggest that reliance 42 on scent signals to communicate MHC quality may be important across the primate lineage. 43
INTRODUCTION 44
The Major Histocompatibility Complex (MHC) is an extremely polymorphic group of genes 45 within the adaptive immune system of vertebrates that plays a critical role in disease resistance 46 parasite resistance, survivorship, and reproductive success (Sommer 2005a Because an offspring's health is influenced by the genotypes inherited from its parents, 67 extreme polymorphism of the MHC is likely to be maintained both by health-mediated natural 68 selection and by MHC-based sexual selection (Winternitz et al. 2013 ). Potential mates might be 69 chosen for their MHC diversity, for their possession of a particular disease-resistant allele or for 70 their MHC dissimilarity relative to the chooser (Sommer 2005a , Milinski 2014 ). Two models 71 have been developed to explain the types of genetic benefits accrued owing to the potential 72 partner's genotype: In the 'good genes' model, individuals, regardless of their own genotype, 73 choose 'high-quality' mates, with quality being defined by absolute or optimal genetic diversity or 74 by possession of a particularly beneficial allele (Andersson 1994 In terms of a model species for an odor-based test of MHC signaling (e.g., Knapp et al. 112 2006) and discrimination of mate quality, ring-tailed lemurs are ideal because of their elaborate 113 system of olfactory communication (Jolly 1966 ). Animals of both sexes engage in genital scent 114 marking, depositing chemically complex secretions that share ~170 volatile compounds 115 ). The diversity and relative abundance of these chemicals contain 116 information about the signaler's sex, breeding condition, individual identity, and genome-wide 117 microsatellite diversity (or neutral heterozygosity), as well as its relatedness to other individuals 118 nor did all individuals participate as bioassay recipients. To achieve appropriate sample sizes 145 while working with an endangered species often requires years of sample collection and 146 observation, which presents various logistical challenges (for more details, see Drea et al. 147 2013). Specific to our work here, secretion sampling is restricted because of several factors, 148 including but not limited to facility practices which limit captures in order to avoid undue stress 149 for the animals, and unavailability of an animal due to hormonal contraception (Crawford et al. 150 2011), pregnancy (Crawford & Drea 2015) , mortality, or transfer between facilities. Participation 151 as a bioassay recipient may also be precluded because of participation in previous studies 152 leading to a lack of any 'unknown' donor odors to present. For this study, however, we have 153 overcome these challenges wherever possible through long-term study or the addition of 154 animals from other facilities for use as participants. 155
156

MHC genotyping 157
Using DNA extracted from whole blood or tissue, we genotyped the subjects at the MHC-158 DRB loci using parallel tagged next-generation sequencing ). Briefly, we 159 amplified a 171-bp fragment, excluding primers, of the 270-bp second exon of the MHC-DRB 160 gene. This fragment is the most frequently genotyped MHC loci in non-model primate species, 161 especially in lemur species for which genomic data to design primers are scarce (e.g., 2016). First, we temporarily isolated a recipient from its group members, then secured three fresh 253 wooden dowels in a row to the fence of the animal's enclosure (separated by 20 cm) at a 45° angle 254 to the ground. The center dowel served as an unscented control, whereas a ~2 cm area of the 255 outer dowels (at lemur nose level) were rubbed for ~10-15 seconds with the scented swabs from 256 different donors, to simulate a naturally placed scent mark. Each recipient underwent 1-3 trials per 257 day over 4-6 days, with each trial lasting 10 minutes, ultimately participating in 8-12 trials in total. 258
We presented the secretions to each recipient in randomized order. We also maximiated the 259 number of donor dyads whose secretions could be presented across recipients, while minimizing 260 the number of times we presented a given donor's secretions to any recipient (average ± S.D. 261 exposures = 1.85 ± 1.05, range = 0-6). Upon completion of the day's trials, the recipient was 262 reunited with its group. 263
The bioassays were videotaped and the videos were scored by three observers, using an 264 Table 2 , adapted from ). We also recorded where 271 investigatory or scent-marking behavior occurred relative to each scent 'mark' (i.e., whether the 272 behavior was directed at the mark itself, adjacent to the mark, but on the dowel, or within 15 cm 273 of the dowel). Specifically, we recorded the location of countermarks because their placement 274 could have particular significance: Overmarking or placing one's mark directly on top of the original 275 mark might mask the original mark, whereas adjacent-marking or placing one's mark near the 276 original mark leaves the original mark intact (Drea 2014) . 277
Statistical Analyses 279 280
General analytical procedures 281
To examine the relationships between MHC-DRB genotype and olfactory ornamentation, 282 as well as the ability of ring-tailed lemurs to discriminate MHC genotype via genital secretion, 283
we analyzed the data in a series of generalized linear mixed models (GLMMs), using the 284 package 'glmmADMB' (Version 0.7.7) in RStudio (Version 3.0.2; RStudio 2015). MHC diversity 285 can be measured in several ways (e.g. the number of alleles in an individual's genotype, the 286 number of supertypes, or the number of amino acid differences between all alleles in an 287
individual's genotype, described below), as can MHC similarity between individuals. We 288 assessed several measures of MHC diversity for an individual, as well as several measures of 289 similarity between dyads. Because we expected all measures of MHC genetic diversity to be 290 correlated, we evaluated each of the explanatory genetic variables independently, and used 291
Akaike information criteria (AIC) values to determine the best model (Zuur et al. 2009 ). We 292 considered the model with the lowest AIC value to be the best fit for the data and report only 293 those models. To examine if MHC similarity were reflected in chemical similarity, we used partial 294
Mantel tests to compare the number of un-shared or unique MHC-DRB supertypes to the 295 relative Euclidean distance matrices between male-male (MM), female-female (FF), and male-296 female (MF) dyads. 297
298
Analyses of MHC-DRB diversity and chemical complexity in individual males and females 299
To examine the relationship between MHC-DRB diversity and chemical complexity, we 300 analyzed the sexes separately and each chemical diversity index was evaluated in a separate 301 series of GLMMs using either a Gaussian or gamma distribution (see Supplemental Table 3) . 302
We included donor identity as a random variable. Explanatory variables included season (i.e., 303 breeding and nonbreeding) and one of four different genetic variables. Our four measures of 304 MHC-DRB diversity were 1) the absolute number of MHC-DRB alleles (MHCallele), 2) the number 305 of MHC-DRB supertypes (MHCsupertype), 3) the average nucleotide base-pair differences between 306 all alleles within an individual donor (MHCseqmean), and 4) the mean number of amino acid 307 differences between the alleles possessed by an individual donor (MHCaamean; Supplemental 308 Table 3 ). Because of the skew in frequency of specific MHC-DRB supertypes, i.e., seven 309 supertypes were found in fewer than five individuals whereas one supertype was found in more 310 than 85% of individuals, we were unable to examine if the possession of a specific supertype 311 
Behavioral analyses of mixed-sex, recipient-donor combinations 367
We explored the relationship between the recipients' behavioral responses to donor 368 secretions and measures of absolute and relative MHC-DRB diversity between the mixed-sex, 369 recipient-donor dyads (Table 1) under the good genes model, the secretion of potential 'mates' with the greatest MHC diversity 374 were distinguished, regardless of their dissimilarity. Lastly, we also examined non-linear 375 relationships between MHC diversity and dissimilarity between dyads by including the quadratic 376 forms of all genetic explanatory variables in our GLMMs. Quadratic terms were retained only if 377 the AIC value was better than the GLMM that included only linear terms. 378
In our analyses, we excluded all recipient behavior that occurred in < 5% of trials and any 379 behavior that did not show a significant differential response via Wilcoxon signed-rank tests in 380 favor of the test dowels over the blank, control dowel (Supplemental Table 4 ; Charpentier et al. 381 2010). Ultimately, for male recipients, we analyzed proximity to the pole, sniffing and licking the 382 mark and surrounding areas, shoulder rubs, and wrist marking the area adjacent to the mark. 383
For females, we analyzed sniffing the mark and the adjacent area, as well as licking the mark. In 384 each GLMM, we also included the non-genetic explanatory variables of trial number on a given 385 day (i.e., 1-3), the number of times that a recipient had been presented with the secretion of a 386
given donor over the course of the study (i.e., 1-6), as well as the secretion donor nested under 387 secretion recipient, as a random term. For each behavioral response, we used either a Poisson 388 or negative binomial distribution depending on the dispersion of the data (Supplemental Table  389 5) and applied a zero-inflation correction factor if appropriate. Initially, each GLMM was 390 constructed using all explanatory terms, including both a linear and quadratic term for the 391 genetic variable to account for potential nonlinear relationships. The GLMM with the lowest AIC 392 value was chosen for further exploration, for which we sequentially dropped explanatory terms, 393 then compared these models using AIC values. We report only the best fit models for each 394 response variable below. 395
396
RESULTS
398
Signaling of individual quality via odor-gene covariance 399
We found that both sexes of ring-tailed lemurs signaled individual MHC quality via genital 400 secretion chemistry, although the correlates of signaling differed between males and females: 401 Regarding behavior, our male recipients responded most to the scent of females that had 522 the most similar MHC-DRB genotypes to their own. Such a pattern may reflect 'preferences,' 523 indicating that males may be avoiding outbreeding depression (Sommer 2005b) , seemingly 524 contrary to the good fit prediction that individuals should choose mates to maximize their 525 dissimilarity. Nevertheless, an increase in response time may not necessarily indicate an 526 increase in interest. Instead, increased male investigation could simply reflect that more 527 processing time was required to decipher the female's potential as a mate. Previously, in a 528 study of microsatellite diversity, we had shown that male ring-tailed lemurs spent more time 529 sniffing the secretions of less-related females ). Regardless of the 530 potential contradiction, both sets of findings indicate that male ring-tailed lemurs are minimally 531 able to discriminate conspecifics according to both overall genetic relatedness and MHC 532 diversity/dissimilarity. Lastly, our finding that female ring-tailed lemurs spent the most time 533 sniffing the vicinity of secretions from MHC-DRB dissimilar males complements previous work 534
showing that females of other species show greater response to the scents of more MHC 535 dissimilar males than of more MHC-diverse males. 536
We have confirmed an honest olfactory mechanism of ornamentation and potential mate 537 choice, namely via genital odor-MHC gene covariance and discrimination, in both sexes of ring-538 tailed lemurs. Likewise, information about immunogenetic quality and similarity may also 539 influence general social behavior, specifically for prioritizing agonistic or nepotistic interactions. 540
Female lemurs are expected to be choosy under the traditional paradigm of sexual selection 541 (Trivers 1972) ; however, mate choice may be equally important for male ring-tailed lemurs 542 (Parga 2006) . In this species, females socially dominate their male conspecifics (Jolly 1966 
